Abstract -This paper presents a novel dual-stator hybrid excited synchronous wind generator (DSHESG). The structure characteristics are presented and no-load magnetic field is computed by 3-D finite element method. Static characteristics including magnetic flux density, EMF, inductances are analyzed. A closed-loop control system for field windings using PWM method is built on the basis of mathematical model of DSHESG. Thanks to the field windings the air-gap magnetic flux can be easily controlled, and the output voltage of DSHESG can be kept at a constant value with the speed or load varying. The dual-stator machine can increase output voltage effectively as well. Tests are performed on the prototype machines to validate analysis results, and an excellent agreement is obtained.
I. INTRODUCTION
Hybrid excited generator combines advantages of permanent magnet (PM) machines with the possibility of controlling air-gap magnetic flux easily by auxiliary windings, so it has good research prospects and value of application [1] [2] . In some cases with low speed, such as wind power system, the diameter of electrical machine is larger and the power density is lower. In order to overcome these shortcomings, a novel dual-stator hybrid excited synchronous generator (DSHIESG) is presented. Finite element analysis (FEA) and experimental results are compared for the prototype of machine and excellent agreement has been obtained. The output voltage can be effectively increased due to an inner stator. The transition processes between no-load and rated load are achieved by simulation. Based on the closed-loop control system for field windings, the satisfying simulation results are obtained when the speed or load of generator varies randomly.
II. STRUCTURE Fig. 1 shows the structure of DSHIESG, which mainly includes permanent magnets (PM), claw-poles, field windings, out stator, inner stator etc. The PMs and claw-poles share with the outer stator, and the inner stator is fixed on shell of machine. There are two magnetic circuits in the DSHIESG, one is called PM magnetic circuit mainly consisting of PMs, air-gap, cup rotor, laminated stator core and so on, the other is called DC field magnetic circuit mainly including claw poles, air-gap, laminated core of the outer stator and bracket of field windings, and they are in parallel independently. The PMs are fixed on the surface of rotor, and the outer PMs are in series with the inner PMs in magnetic circuit.
In the DSHIESG, the magnetic motive force generated from PMs is constant, while that created from field windings is variable with different field current. Fig .2 shows the distribution of armature windings, the duallayer and short-pitch distributed windings are adopted for the outer stator. Additionally, the concentrated windings are adopted for the inner stator. Calculations are carried out on the whole FEM structure model (see Fig.3 ). Fig.5 shows the flux linkage of dual-stator for one phase during one electrical period when the field current is 0, it shows the flux linkage can be increased about 23%. Fig.4 .c, the air-gap magnetic flux distributions on the surface of claw poles are different obviously with different field current, while that on the surface of PMs has nearly no change. Additionally, the flux density on the surface of claw poles is nearly close to zero when the field current is 0 (Fig.4.b ). According to flux linkage method, the inductances of armature windings and field windings are obtained. The FEA and experimental results of self inductance of armature windings are compared in Fig.7 (a) , and they have good agreement each other. Wave curves of mutual inductance between armature windings and field windings against rotor position are shown in Fig.7 (b 
SIMULATION AND EXPERIMENT
A. Prototype Fig. 9 shows the prototype of the DSHIESG based on the given parameters in Table I The tests of DSHESG are carried out, and some experimental results are obtained.
filter. The transition process from load to no-load is shown in Fig. 11 (b) , the output voltage reduces rapidly from the time of 2s, and then decreased to zero after a short time. The simulation results are obtained based on the mathematical model. Fig. 10 shows the comparisons results of phase voltage and current between the simulation and the experiment at a speed of 400rpm. They are agreed with each other very well. Fig. 11 shows the transition processes between no-load and load. The time of simulation is 4s, and a load current is applied to armature windings at 2s suddenly. Fig. 11 (a) is the transition process from no-load to load, it shows that the output voltage of generator is maintained at 80V after a short time. The output voltage and current are obtained by a full-bridge rectifier and In order to obtain a constant output voltage when the speed or load of DSHSEG varies randomly, a closed-loop control system based on PWM method and PI regulator is built, as shown in Fig.  12 . When the speed increases or the load current become lower, the output voltage will become higher than the given voltage. In order to make the output voltage close to the given voltage, the field current must be reduced. Contrarily, the field current must be increased to maintain the output voltage when the speed decreases or load current increases. The wave curves of output voltage and field current when the load current of generator varies at the rated speed of 400rpm are shown in Fig. 13(a) . When the load current is increased suddenly at time of 5s, and the output voltage is increased to the given voltage again after short sag by regulating the field current to about 0.6A quickly. Fig. 13(b) shows the simulation results when the speed of generator varies from 400rpm to 300rpm at 5s and the speed varies from 300rpm to 500rpm at lOs. Due to the closed loop control system, the output voltage can be also maintained at given voltage after a short time by regulating field current. The DSHSEG has a good dynamic performance and steady performance. The PWM method and PI regulator applied in the closed-loop control system are effective. 
